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A  Multi-Tracer  Push-Pull  Diagnostic  Test  for  Assessing  the  Contributions  of 
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nia  L.  Amerson-Treat’,  Cristin  L.  Bruce^  Paul  C.  Johnson^*,  and  Richard  L.  Johnson* 
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Beaverton,  OR  97006;  ^Department  of  Civil  and  Environmental  Engineering,  Arizona  State  University, 
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1.0  B>rrRODUCTION 

In-situ  air  sparging  (IAS)  generally  involves  the  injection  of  air  into  a  contaminated  aquifer 
below  the  zone  of  contamination  (Johnson  et  al,  1993;  Marley  and  Bruell,  1995).  The  air  injection 
promotes  both  volatilization  and  biodegradation  of  aerobically  biodegradable  compounds.  The  rate  and 
extent  of  these  processes  varies,  and  is  likely  controlled  by  chemical  properties,  aquifer  characteristics, 
the  contaminant  distribution,  system  design,  and  operating  conditions.  The  IAS  systems  found  at  service 
station  sites  are  frequently  coupled  with  soil  vapor  extraction  (SVE)  systems  in  order  to  capture  the 
liberated  contaminant  vapors  and  to  minimize  the  potential  for  adverse  vapor  migration.  At  other  remote 
sites,  or  at  sites  where  the  residence  time  of  vapors  in  the  vadose  zone  may  be  long  enough  to  achieve 
sufficient  biodegradation,  an  SVE  system  might  not  be  necessary. 

IAS  has  gained  widespread  use  due  to  its  apparent  simplicity.  Typical  designs  involve  vertical 
wells,  compressors,  and  timer-actuated  solenoids  when  systems  are  operated  in  a  pulsed  mode.  The 
number  of  wells  and  size  of  each  compressor  are  chosen  empirically,  with  there  being  a  range  of  design 
and  operation  philosophies  amongst  practitioners  (Johnson  et  al.,  1993,  Leeson  et  al.,  1999;  Marley  and 
Bruell,  1995).  For  example,  some  prefer  to  operate  air  sparging  systems  in  a  "biosparging"  mode,  where 
lower  air  flow  rates  are  used  (<10  ftVmin  per  vertical  well)  in  an  effort  to  maximize  aerobic 
biodegradation,  minimize  volatilization,  and  avoid  the  need  for  an  SVE  system.  j 

While  IAS  systems  have  been  used  to  successfully  achieve  closure  at  many  sites,  the  overall  ^ 
performance  has  been  variable  (Bass  and  Brown,  1995).  This  is  likely  a  reflection  of  several  factors, 
including:  a)  the  unpredictability  of  saturated  zone  air  distributions  in  many  hydrogeologic  settings,  b) 
the  range  of  empirical  design  and  operating  approaches,  and  c)  the  limited  performance  monitoring  and 
lack  of  system  optimization  that  occurs  at  most  sites. 
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Momtonng  plans  for  IAS  sysfenrs  am  frequently  minimal,  and  are  primarily  intended  to  satisfy 
regulatcy  comphance  requirements.  When  an  SVE  system  is  being  operated,  off-gas  contaminant 
eoncentrauons  and  flow  rates  are  generally  monitored;  otherwise,  perfotmanoe  monitoring  is  most  often 
restncted  to  quarterly  (or  less  frequent)  groundwater  monitoring.  Performance  is  then  judged  by  changes 
in  the  dissolved  concentrations  over  periods  of  months  to  years. 

^Of  the  conventional  monitoring  approaches.  SVE  off-gas  monitoring  provides  the  only  real-time 
measure  of  remedtation  performance.  Even  then,  it  is  an  integrated  measurement  lacking  in  spatial 
resolution  and  the  data  reflects  temoval  of  contaminants  from  both  above  and  below  the  groundwater 
table.  Furthermore,  this  data  is  not  available  from  those  sites  operated  without  SVE  systems. 

The  implications  of  these  observations  are  significant  with  respect  to  the  operation,  monitoring. 

an  opnmizahon  of  IAS  systems.  Fitat,  when  groundwater  sampling  and  analysis  is  the  only 

performance  monitoring  option  (or  when  an  SVE  system  is  pmsent.  but  off-gas  concentrations  fall  below 
Masurable  levels),  then  conclusions  regarding  perfonnance  can  only  be  drawn  after  collecting  data  over 
famly  long  rime  intervals  (months  to  years).  Second,  the  time  period  for  this  pefformance  measurement  is 
comparable  to  the  overall  remediation  time  frame,  so  optimiaation  is  impracticable.  Third,  without  some 
real-tune  measure  of  performance,  it  is  difficult  to  assess  when  to  turn  an  IAS  system  off,  and 

consequently:  a)  many  systems  may  be  operating  longer  than  is  necessary,  and  b)  many  systems  may  be 
terminated  pnor  to  achieving  their  full  potential  for  remediation. 

Thus,  there  is  a  need  to  develop  procedures,  or  "diagnostic  tooU"  that  are  capable  of  more  real- 
rime  IAS  performance  assessmott.  While  diagnostic  tools  are  not  common  in  the  remediation  field  a 
good  example  ts  the  bloventing  respiromeUy  test  described  by  Hinchee  and  Ong  (1992).  There,  declines 
m  soil  gas  oxygen  concentrations  are  monitored  with  time  following  the  cessation  of  steady  air  injection, 
and  the  rate  of  decline  is  used  to  assess  the  aerobic  biodegradation  rate.  Respirometry  tests  typically 
mqune  2  to  4  days  to  complete  and  are  performed  periodically  (at  a  frequency  of  3  to  12  months). 

Similar  types  of  tests  were  considered  in  this  work  (i.e.,  monitoring  dissolved  oxygen  level  declines  with 
tune  after  cessation  of  air  injection),  but  this  route  was  not  pursued  because  IAS  introduces  a  significant 
^ss  of  oxygen  m  the  form  of  trapped  gas  in  the  aquifer,  and  it  is  difficult  to  account  for  this  unknown 
but  significant  oxygen  mass  when  interpreting  dissolved  oxygen  changes  with  time.  Furthermore, 
strahfied  gas  pockets  at  some  sites  can  continue  to  off-gas  for  hours  to  days  following  cessation  of  gas 
mjecfion  and  this  further  complicates  the  application  and  interpretation  of  a  respirometry-type  IAS  test. 
This  paper  describes  the  development  and  application  of  a  diagnostic  tool  for  local  measuremenis 

ofmasstransferduringoperationofanlAS  system.  The  diagnostic  test  involves  injecting  a  solution 

contammg  multiple  tracer  compounds  through  a  monitoring  well,  piezometer,  or  drive  point  into  the 
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target  treatment  zone.  The  injected  solution  is  initially  deoxygenated  and  can  contain:  a)  a  non- 
degradable,  non-volatile  conservaHve  tracer,  b)  one  or  more  non-degradable,  volatile  chemicaU,  and  c)  a 
btologtcally  depadable,  non-volatile  compound.  After  some  predetermined  hold  time,  an  excess  quantity 
of  groundwater  is  extracted  ftom  the  same  injection  point  and  then  changes  in  the  conccntiations  of  the 
tracer  compounds  are  measured.  Volatilization  and  oxygen  consumption  rates  are  then  estimated  from 
mass  balances  on  dm  tracer  components.  This  approach  is  different  frmn  other  IAS  monitoring  opdons 
m  that  measurements  can  be  made  without  requiring  pre-IAS  data  and  results  can  be  obtained  relatively 
qmcMy.  Furthermore,  in  principle,  the  approach  is  capable  of  assessing  both  the  rate  of  oxygen  transfer 
to  the  aquifer  and  the  mte  of  volatilization  fromthe  aquifer.  This  tool  is  complementaty  to  the  diagnostic 
mass  transfer  test  that  uses  tracer  gas  delivery  described  by  Bruce  et  al.  (2000)  and  Amerson  (1997). 

There  are  similarities  between  this  diagnosHc  test  and  the  push-pull  test  described  by  Istok  et  al.  (1997) 
and  Schroth  et  al.  (1998)  for  assessing  microbial  respiration  during  natural  attenuation.  The  mechanics 
of  both  tests  are  similar;  however,  the  multi-tracer  solution  used  and  the  data  reduction  approaches  are 
different.  These  differences  result  from  the  differences  in  the  objectives  of  each  test  (e.g.,  assessing 
anaerobic  and  aerobic  activity  versus  assessing  aerobic  activity  and  volatilization  as  with  the  diagnostic 
test  descnbed  m  this  paper),  as  well  as  the  differences  in  conditions  in  the  aquifer  during  both  tests  (e.g, 
natural  conditions  versus  air  injection  conditions). 


2.0  OVERVIEW  OF  THE  MBLTI-TllACERPUSH-PllIXDUGNOSTIC 


TEST 


Useofthemulti-tracerpush-pulldiagnostictoolisillustratedinFigurel.  During  IAS  operation, 

a  soluhon  containing  multiple  tracer  compounds  is  injected  through  a  monitoring  well,  piezometer,  or 

dnve  point  and  into  the  desired  zone  of  treatment  as  well  as  a  "background”  point.  The  injected  s  Jlution 

IS  mitially  deoxygenated  and  contains:  a)  a  non-degradable,  non-volatile  conservative  tracer,  b)  a  non- 

degradable,  volatile  conservative  tracer,  c)  a  readily  aerobically  biodegradable,  non-volatile  compound, 
and  d)  a  visible  dye. 

After  some  period  of  time,  an  excess  quantity  of  groundwater  is  extracted  from  the  subsurface 
and  concentrations  of  the  tracer  compounds  are  determined.  Volatilization  and  biodegradarion  rates  are 

then  eshmated  from  mass  balances  on  the  tracer  compounds,  as  well  as  the  results  from  background 
points  that  lie  in  areas  not  impacted  by  the  IAS  system. 
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As  mentioned  earlier,  the  diagnostic  test  can  be  used  to  assess  perfotmance  at  a  range  of  scales- 

therefore,  the  user  selects  an  injection  volume  consistent  with  their  goals.  To  estimate  this  volume,  one’ 
can  use  the  following  calculation: 


V.. 

inject  2  ^  VweU 


(1) 


Where:  =multi--tracer  injection  volume  (tiiL);  tt  =  3.14;  lU  .  radial  distance  about 

injection  point  desired  to  be  assessed  (cm);  0  =  water  content  (approximately  equal  to  the  potosity)  (mL- 
pores/tnL-soil);  -  volume  of  groundwater  in  the  well  and  borehole  that  must  be  displaced  (mL). 

Ideally,  V,.„«Vu,.„  to  minimize  well  dilution  effects.  For  example,  the  results  presented  below 
from  the  field  site  application  are  for  =  1,000  mL  and  V„  <10  mL.  which  corresponds  to  assessing 
perfotmance  wtthm  a  radial  distance  of  approximately  9  cm  about  the  injection  point.  With  respect  to 
exhacted  volumes,  experience  suggests  that  extracting  four  to  five  times  the  injected  volume  provides 
reasonable  recovery  (typically  >80%)  of  the  conservative  tracer. 


3.0  DATA  REDUCTION 

Data  from  the  push-pull  test  is  evaluated  to  caleulate  a  volatilizadon  rate  and  an  oxygen 
utilization  rate.  The  oxygen  utilization  rate  can  then  be  converted  into  a  biodegradation  rate  as  described 
later  m  this  section.  Required  data  include  the  initial  concentrations  of  the  tracer  compounds  in  the 
mjection  soluhon  (Cij„  [mg/L]),  the  volume  of  the  mixed  tracer  solution  injected  into  the  subsurface 
(VuM  W),  the  dissolved  oxygen  concentration  in  the  groundwater  from  the  point  of  interest  (DO 
[mga]),  tmcer  concentrations  in  the  extracted  groundwater  (C,...^,  [ntgfi,]  a„d 

[mgfi.]).  volume  extracted  (V,..™,  [L]),  and  the  time  the  solution  was  held  in  situ  (Tu , a.  [d]) 

Measured  tracer  concentrations  from  extraettd  groundwater  samples  first  need  to  b’e  adjusted  for 

losses  by  other  mechamsms  (e.g.,  incomplete  recovery  due  to  groundwater  movement  away  from  the 

mjection  point).  Adjusted  concentrations  are  calculated  by  dividing  all  other  tracer  concentrations  by  the 

frachon  of  conrervative  tracer  (e.g.  BrJ  recovered.  For  example,  to  adjust  the  recovered  concentration  of 
acetate: 
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’'Ac  recovered 


''Ac  re  covered 


^Br  recovered  > 


■'Br  injected 


Typical  conservative  tracer  recoveries  for  the  tests  described  later  are  0.8  to  1.0,  but  are 
sometimes  as  Ioav  as  0.5. 

Calculation  of  oxygen  transfer  and  aerobic  biodegradation  rates  derive  from  a  mass  balance  on 
the  aerobically  biodegradable  compound.  First,  the  mass  of  biodegradable  compound  recovered  is 

subtracted  from  the  mass  injected  into  the  system  and  then  it  is  corrected  for  the  mass  lost  at  a 
background  monitoring  point, 

^lost  CLovered  V„eovered  (2) 

Where  Ciqect  =  concentration  of  biodegradable  tracer  in  injected  mixed  tracer  solution  (mg/L); 

=  volume  of  mixed  tracer  solution  injected  into  the  monitoring  location  (L);  C*„.bac.s™und  =  ' 
concentration  m  recovered  solution  at  background  point,  after  adjustment  for  conservative  tracer 
recovery  at  that  point  (mg/L),  Vrecovered-background  =  volume  of  solution  recovered  at  background  point  (L); 
c  recovered  =  Concentration  of  biodegradable  tracer  in  recovered  solution  at  point  of  interest,  after 

adjustment  for  conservative  tracer  recovery  at  that  point  (rngOJ);  V^eovered  =  volume  of  solution  recovered 
V  at  point  of  interest  (L). 

The  mass  of  biodegradable  compound  lost  can  then  be  converted  to  an  equivalent  mass  of 

oxygen  consumed,  Moxygen-comumed,  assuming  complete  mineralization.  For  example,  for  acetate 
(CHjCOO-): 


CH3COO'  +  +  2  O2  +  8  e“  2  HjO  +  2  CO2 


(3) 


Therefore,  2  moles  of  oxygen  are  required  to  degrade  1  mole  of  acetate  or  64  g  of  oxygen  are 
required  for  degradation  of  every  59  g  of  acetate  (1 .08  g  O^/g  acetate).  A  simple  conversion  is  then 
required  to  get  the  mass  of  oxygen  consumed  (Moxygen  consumed  [g]): 


M 


oxygen  consumed 


Ac  lost 


..  1-08  go, 

g  acetate 


(4) 


5 


Where  is  the  mass  of  acetate  iost  (g)  as  calculated  by  equation  (2).  An  oxygen  utilization 

rate  R.u,.=-.„  (mg-OA-water/d)  can  then  be  calculated  by  dividing  by  the  in  situ  hold  time 

(Tin  situ  [d])  and  the  tracer  injection  volume; 


M 

■p  _  oxygen  consumed 

•^^oxygenation  “Z  TT 

•*-insitu  ^inject 


(5) 


Hus  results  in  an  oxygenation  rate  that  can  be  reported  in  units  of  mg-O^/L-water/d.  It  should  be 
noted  that  this  manipulation  might  overestimate  the  actual  oxygen  mass  transfer  rate  because  it  assumes 
that  all  of  the  biodegradable  compound  lost  was  completely  mineralized.  It  might  also  underestimate  the 
oxygenation  rate  because  other  oxygen  demands  axe  being  neglected.  This  oxygenation  rate  can  also  be 
expressed  as  a  potential  hydrocarbon  aerobic  biodegradation  rate  (mg-hydrocarbon/L-water/d)  by 
dividing  the  result  by  an  approximate  stoichiometric  conversion  factor  for  typical  petroleum 
hydrocarbons  of  interest  (approximately  3  mg-Oa/mg-hydrocarbon  degraded  [Leeson  and  Hinchee, 

1996]).  Hydrocarbon  biodegradation  rates  can  also  be  converted  to  zero-order  rates  expressed  as  (mg- 
contaminant/kg-soil/d)  by  dividing  by  the  soil  bulk  density  (approximately  1.7  kg-soil/L-soil)  and 
multiplying  by  the  volumetric  moisture  content  (approximately  0.3  L-water/L-soil). 

Calculation  of  a  volatilization  rate  also  derives  from  a  mass  balance  similar  to  that  discussed 
above  m  Equation  (2)  (using  volatile  tracer  concentrations  in  place  of  biodegradable  tracer 
concentrations).  In  this  case,  however,  we  choose  to  express  the  volatilization  rate.  Rvou.ai.a.ou,  as  a 
percent  reduction  per  time  (%  loss/d),  and  this  is  obtained  by: 


R 


M, 


volatilization 


lost 


T.  .  M 

msita 


xlOO 


(6) 


Where  denotes  the  in  situ  hold  time  (d);  is  the  mass  of  volatile,  non-biodegradable 
tracer  lost  after  correcting  for  background  losses  (g);  and  is  the  initial  volatile  tracer  mass  (g).  It  is 
expressed  in  this  way  as  Rvoiatoization  should  be  regarded  as  a  relative  (and  not  absolute)  measure  of 
volatilization  rates.  Increases  or  decreases  in  this  quantity  with  changes  in  IAS  process  conditions  should 
correlate  with  mcreases  and  decreases  in  actual  volatilization  rates  for  contaminants  of  interest. 


5.0  DEVELOPMENT  OF  THE  PUSH-PULL  DIAGNOSTIC  TEST  PROTOCOL 

Diagnostic  test  development  involved  a  sequence  of  steps,  including:  a)  tracer  selection,  b) 
protocol  and  analyses  methods  development,  c)  protocol  evaluation  in  a  three-dimensional  laboratory- 
scale  aquifer  physical  model,  and  finally,  d)  field  evaluation.  Complete  details  of  the  development 
studies  can  be  found  in  Amerson  (1997).  The  key  points  of  steps  (a)  through  (c)  are  summarized  below, 
followed  by  a  presentation  of  results  from  step  (d). 

With  respect  to  the  selection  and  analyses  of  tracer  compounds: 


Ngi-desradable,  non-volatile  con.servative  tracer:  Most  often  this  will  be  a  non-nutrient 

“  io^-specific  electrode  or  by  ion  chromatography.  It  is 
^  ^  ‘concentrations  that  are  detectable  at  a  minimum  lOX  dilution  but 

also  to  ensime  that  the  initial  concentration  is  not  so  high  as  to  induce  significant  vertical 
density  ^adients  in  Ae  aquifer  (e.g.  initial  salt  concentrations  should  be  <100  Z 
this  work,  bromide  (Br-)  was  selected  because  it  is  typically  found  only  in  trace 
q^tities  m  groundwater  systems  and  is  easily  measured,  either  with  an  ion 

^  bromide-specific  electrode,  or  a  spectrophotometer  (colorimetric 

solutions  of  bromide  were  prepared  using  the  KBr  salt,  the  injection 
concentration  was  t^ically  approximately  50  mg/L,  and  the  analyses  were  performed 
using  a  Dionex  DX500  Ion  Chromatograph  equipped  with  an  lonpac®  AS12A  analytical 
column  Ionpac®12A  guard  column  and  electrochemical  and  conductivity  detectors^ 
Usmg  this  method,  concentrations  above  1  mg/L  are  easily  quantified. 

^odegradable,  non-volatile  tracer  compound:  This  compound  should  be  readily 
lodepa^ble  aerobically,  and  should  have  the  potential  to  degrade  much  faster 

aerobically  than  via  any  other  pathway  during  the  time  of  the  test.  As  above  it  is 

irnpomnt  to  use  imhal  concentrations  that  are  detectable  at  a  minimum  lOX  dilution,  but 
also  to  ensme  that  the  mitial  concentration  is  not  so  high  as  to  induce  significant  vertical 
density  gradients  in  the  aquifer  (e.g.  initial  concentrations  should  be  <100  mg/L)  In  this 
work,  acetate  (Ac)  was  selected  because  it  is  readily  used  as  an  energy  source  (LctrZ 
donor)  by  a  wide  range  of  microbial  organisms  under  aerobic  growth  conditions  Acetate 

In  this  work,  stock  Ac  solutions  were  prepared  using  the  NaAc  salt,  the  injection 
concenftation  was  tjyically  approximately  50  mg/L,  and  the  analyses  were  performed 
using  the  same  ion  chromatograph  set-up  described  above  for  bromide  analysis.  Using 
this  method,  concentrations  above  1  mg/L  are  easily  quantified. 

^yie,  non-degradable  tracer  compound-  This  compound  should  be  chemically  stable 

1 99^1 volatilized.  Theory  (Johnson. 
1998)  suggests  that  results  of  this  test  should  be  insensitive  to  specific  values  of 

c  emical  parameters  related  to  volatilization  (e.g.,  vapor  pressure  and  Henry's  Law 
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Constant)  as  vo  atihzation  is  expected  to  be  diffusion-limited  (not  partitioning-limited) 

In  this  work,  sulfur  hexafluoride  (SF«)  was  chosen  because  it  is  spLgly  sol4le  in 
water  and  it  is  easily  detected  in  the  low  part  per  thousand  (pptv)  range  with  the  use  of  a 
gas  chromatograph  (GC)  equipped  with  an  electron  capture  detector  (BCD). 

^  temperatures  and  pressures,  SF,  was  allowed  to  diffuse 

nf  S  r  f  P^^staltic  pump  to  circulate  the  headspace  containing  10 

pp  V  of  SFfi  above  the  Br  /Ac  solution.  A  glass  bottle  containing  the  BrVAc'  solution 
was  sealed  using  a  No.  5  rubber  stopper  and  1  mL  of  1,000  ppmv  SFg  in  Na  was 

nnm°^^Th^  ^  I*?®  headspace  to  produce  the  desired  concentration  of  10 

ppmv.  The  headspace  was  allowed  to  circulate  for  30  to  40  min  after  the  SF«  was 
introduced. 

Dissolved  SF,  concentrations  were  determined  by  a  method  that  takes  advantage  of  the 

^  introduced  into  a  sealed  container 

and  allowed  to  equilibrate  with  of  headspace,  b)  a  headspace  gas  sample  was  then 

analyzed  for  SFg,  and  c)  the  dissolved  SFg  concentration  was  determined  from  a  mass 

f headspace  volumes  and  assuming  that  most  of  the 
or 6  has  partitioned  into  the  headspace  as  shown. 

Vapor  samples  were  analyzed  for  SF,  using  a  Lagus  Applied  Technologies  Autotrao 

'WP"!  “  ECD.  The  Autotrao  has  a  self-calibration  featum 

that  allows  it  to  make  a  one-point  calibration  based  on  a  4.92  ppby  standard. 


4) 


This  tracer  is  used  to  visually  assess  when  the  volume  of  solution  recovered 
from  the  a^ifer  is  sufficient  to  have  recovered  a  significant  fraction  of  the  injected 
solution  The  dye  can  be  degradable,  provided  that  the  degradation  rate  is  slow 
compared  to  the  test  duration.  Fluorescein  was  used  as  it  produces  a  bright  green  color 
at  low  concentratons;  it  is  also  easily  measured  by  spectrophotomety  and  tSrefore 
concentrations  can  be  quantified  if  desired  (not  done  in  this  work). 


Controlled  expenments  were  conducted  in  order  to  evaluate  and  refine  the  proposed 
expenmental  procedure  prior  to  field  application.  Experiments  were  conducted  in  a  4-ft  tall  x  4-ft  wide  x 
8-ft  long  physical  model.  Using  ports  placed  at  the  ends  and  sides  of  the  tank,  groundwater  flow  across 
the  tank  can  be  induced  and  air  can  be  injected  at  the  center  of  the  tank  near  the  bottom.  The  physical 
model  was  filled  with  unwashed  fill  sand,  except  6-inches  from  each  end,  where  a  more  permeable  ABC 
composite  was  placed  to  better  distribute  water  when  groundwater  flows  were  being  simulated.  Stainless 
steel  tubing  (1/8-inch  inner  diameter  [ID])  sampling  points  were  placed  throughout  the  tank  at  sampling 
depths  ranging  from  1  to  3  ft  below  the  upper  soil  surface. 

^  Controlled  experiments  were  conducted  to  assess  the  effects  of  in  situ  hold  time  and  cumulative 
volume  recovered  on  the  test  results,  and  to  determine  if  the  test  was  sufficiently  sensitive  to  identify 
areas  affected  and  unaffected  by  air  sparging.  In  general,  800  to  900  mL  of  the  tracer  solution  was 
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injected,  and  hold  times  of  5  min,  1  h,  4  h,  24  h,  and  48  h  were  studied.  Eight  to  ten  L  of  water  was 

extracted  m  1-L  mcrements,  and  points  affected  and  unaffected  (as  measured  by  dissolved  oxygen 
changes)  were  tested  in  these  experiments. 

First  it  was  discovered  that  >90%  recovery  of  the  bromide  tracer  occurred  after  a  recovery 
volume  approximately  equal  to  4  times  the  injection  volume.  Acetate  recovery  was  similar  to  bromide 
rocovery  for  the  5-min  in  situ  hold  time  tests,  and  then  declined  for  longer  in  situ  hold  times.  Complete 
drsappearance  of  the  acetate  would  occur  by  approximately  48  h  in  situ.  Recovery  of  the  SF.  was 
generally  <50%,  and  did  not  exhibit  any  clear  dependence  on  in  situ  hold  time. 

Figure  2  presents  representative  results  from  this  work.  Here,  recoveries  from  an  affected 
(mcreased  dissolved  oxygen  to  >6  mgff.)  and  an  unaffected  (maintained  <1  mgff.  dissolved  oxygen) 
momtonng  point  are  presented.  The  acetate  and  SF.  recoveries  presented  have  been  adjusted  for 
brom.de  recovery.  As  can  be  seen,  bromide  recovery  is  high  at  both  sampling  points  and  all  in  situ  hold 
nmes.  In  contrast,  acetate  recovery  is  initially  high,  but  then  declines  with  increasing  in  situ  hold  time  at 
oth  the  affected  and  unaffected  sampling  points.  The  decline  with  time  at  the  unaffected  point  is  likely 
the  result  of  anaerobic  degradation  as  the  physical  model  was  filled  with  water  containing  high  sulfate 
concenfrations  (>10O  mgff.).  For  short  in  situ  hold  times  «4  h),  the  loss  due  to  degradation  is  so  low  that 
differences  between  affected  and  unaffected  points  are  small.  For  longer  in  situ  hold  times  (24  to  48  h) 
acetate  loss  is  complete  at  both  points.  Thus,  it  appears  that  there  is  a  window  of  in  situ  hold  times  for  ’ 
which  the  sensinvity  of  the  technique  is  maximized.  In  these  experiments,  that  window  appears  to  be  12 
^  to  24  h.  It  should  be  noted  that  the  temperature  of  water  in  the  physical  model  was  high  (27  to  33"C) 
relative  to  typical  in  situ  conditions  (15  to  20«C),  and  this  might  have  induced  higher  acetate  degradarion 

rates  than  might  occur  in  field  settings. 


As  IS  evidenced  in  the  results  presented  in  Figure  2,  the  high  Henry's  Law  Constant  of  SF.  (>100 
mgff.-vapor/mgff.water)  renders  it  difficult  to  use  for  this  test.  First,  it  requires  the  user  to  take  special 
precautions  when  delivering  and  recovering  solutions,  since  the  SF.  wiU  completely  partition  into  small 
volumes  of  gas.  In  this  work,  solutions  were  delivered  from,  and  recovered  into  gas-tight  Tedlar™  bags 
to  eliminate  gases  prior  to  injection  and  to  capture  any  gases  pumped  up  to  ground  surface.  The  SF.  ate 
has  a  strong  tendency  to  partition  into  trapped  aquifer  gases  (Fo-  et  al..  1 995),  which  in  turn,  hindm  its 
recovery  and  decreases  the  sensitivity  of  the  volatilization  rate  measurement.  To  avoid  this  problem  it  is 
recommended  that  practitioners  use  some  other  compound  with  a  Henry's  Law  Constant  in  the  range  0  1 
to  1  mgff,vapor/mgdL-water  since  this  range  of  values  is  more  representative  of  typical  contaminants  of 
mterest,  and  compounds  with  these  Henry's  Law  Constants  are  not  expected  to  be  significantly  retained 

by  trapped  gas  m  the  aquifer.  At  this  time,  however,  it  is  not  clear  what  the  best  options  might  be  to 
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replace  SF,  Of  course,  this  diaguostic  test  can  be  conducted  widtout  the  volatile/non-degradable  tracer- 
m  that  case  the  results  can  be  used  to  assess  aerobic  biodegradation  mtes,  but  not  volatilization  rates. 


6.0  FIELD  APPLICATION  OF  TEE  DIAGNOSTIC  TOOL 


The  push-pull  diagnostic  tool  was  field-tested  at  the  Hydrocarbon  National  Test  Site  (HNTS) 
located  at  the  U.S.  Naval  Construction  Battalion  Center  in  PortHueneme.  California,  At  the  HNTS 
groundwater  has  been  impacted  by  a  relatively  large  gasoline  mlease  from  the  Base  service  station  For 
tins  won,  the  push-pull  test  was  applied  to  an  IAS  system  installed  within  the  areal  extent  of  the  residual 
mumscble  hydrocarbon  source  zone.  As  this  area  was  being  used  for  other  IAS  research  studies,  there 
was  an  extensive  monitoring  network  available  and  the  site  was  already  relatively  well-eharactenzed. 

At  the  field  test  site,  there  are  12  multi-level  monitoring  installations,  each  containing  a  bundle  of 
15  1/8-inch  color-coded,  stainless  steel  sampling  lines  with  ports  at  2. 4, 6, 8,  10, 1 1, 12, 13, 14  15  16 
17. 18,  and  19  ft  below  ground  surface.  The  groundwater  table  is  located  at  approximately  lo  ft  BQS,  ’ 
and  the  iimmscible  hydrocarbon  smear  zone  extends  from  approximately  1 0  to  13  ft  BGS  Dissolved  ’ 
total  hydrocarbon  concentrations  in  the  smear  zone  generally  exceeded  1  mg/L.  A  plan-view  schematic 
diagram  of  the  test  site  monitoring  network  is  shown  in  Figure  3.  For  reference,  MPl,  MP2  and  MP3 
are  located  5  ft  from  the  IAS  well;  MP4,  MP5,  and  MP6  are  located  10  ft  from  the  IAS  well;  MPT.  MP8, 
and  MP9  are  located  20  ft  from  fte  IAS  well;  and  MPIO,  MPl  1,  and  MP12  are  located  30  ft  from  the  IAS 

well.  The  IAS  well  was  screenedfroml8to20ftBOS.  B  is  known  from  other  studies  at  the  HNTS  IAS 

research  site  that  the  air  distribution  in  the  aquifer  is  non-unifoim  about  the  air  injection  well,  exhibiting 

tendencies  to  flow  m  the  general  directions  of  MP6,  MP12,  MP3  and  MP9. 


The  dtegnostic  test  was  applied  at  several  monitoring  locations  while  the  IAS  air  injection  flow 
rate  was  20  standard  cubic  feet  per  minute  (SCFM).  Test  locations  within  the  target  treatment  zone  were 
selected  so  that  one  to  two  locations  from  each  radial  distance  away  from  the  US  well  were  used  All 

testpointswerelocatedllftBGSinthehydrocarbonsmearzone.  h  each  case  the  injected 

concentrations  of  bromide  and  acetate  were  approximately  50  mg/L.  the  injected  volume  was  1  L 

extracted  volumes  were  at  least  4  L,  and  the  in  situ  hold  time  was  25  h.  The  experimental  procedme  was 
as  follows: 


1. 


“a^d  ftil.  Ma  StlreSr" 
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De-oxygenation  of  thi  s  solution  by  Nj  gas  bubbling. 

Addition  of  ?  ppniv  SF^  to  solution  through  gas  bubbling  and  headspace  recirculation. 

Collection  of  groundwater  samples  from  the  test  points  for  a  background  ion  analysis  and 
measurement  of  dissoked  oxygen  (DO).  The  prefeixed  method  is  to  pump  slowly  from 
the  sampling  point  and  to  place  the  DO  probe  in  a  flow-through  cell. 

Allowing  the  solution  to  remain  in  situ  for  25  hours. 

Da  from  each  test  point,  along  with  measurement  of 

^  mtf  rf  n.  fr  groundwater  to  withdraw 

(m  most  cases  only  4  to  5  L  was  necessary,  but  more  was  withdrawn  in  some  instances). 

samples  from  each  1  L  of  extracted  groundwater-  this 
s3e  fro  Z Z  Generally,  it  is  sufficient  to  collect  a  single 

TT  ^  containing  all  of  the  extracted  groundwater-  however 

incremS^^  ^  wanted  to  assess  how  much  mass  was  withdrawn  in  each  1-L 

^  of  collection  to  ensure  the  validity  of  measured 

--  approximately  7  d  for 


Results  from  the  field  test  are  presented  in  Table  1 .  In  the  data  reduction,  MP5  was  taken  to  be 
the  background  point  as  the  adjusted  acetate  and  SF*  recoveries  were  94%  and  gP/o,  respectively,  and 
other  measurements  at  the  site  suggested  that  it  was  not  within  the  area  influenced  by  the  air  injection. 

As  can  be  seen,  the  calculated  oxygenation  rates  range  from  7  to  5 1  mg-O^/L-water/d.  These  can  be 
converted  to  estimated  potential  aerobic  biodegradation  rates  of  approximately  2  to  17  mg- 
hydrocarbon/L-water/d.  For  reference,  this  range  is  also  equivalent  to  a  zero-order  biodegradation  rates 
of  0.4  to  3  mg-hydrocarbon/kg-soikd,  which  is  comparable  to  the  lower  end  of  the  range  of  rates  reported 
for  bioventing  in  situ  respirometry  tests  (Leeson  and  Hinchee,  1 996). 

The  adjusted  SFe  recoveries  in  the  field  tests  ranged  from  approximately  51%  to  124%,  and 
therefore  were  generally  much  greater  than  the  recoveries  in  the  laboratory-scale  physical  model 
development  studies.  The  reason  for  this  discrepancy  is  unknown,  although  it  could  be  caused  by 
differences  in  trapped  gas  concentrations  in  the  two  settings.  The  estimated  volatilization  rates  shown  in 
Table  2  range  from  0  to  47%/d,  with  most  values  being  at  or  near  zero.  There  appears  to  be  little 
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correlation  between  the  estimated  volatilization  and  oxygenation  rates.  This  is  unusual,  as  one  would 
expect  to  see  high  oxygenation  rates  at  locations  having  high  volatilization  rates.  Again,  this  might  be  an 

artifact  of  the  lack  of  sensitivity  in  the  volatilization  measurement  suggested  by  the  laboratory-scale 
development  studies. 

The  results  also  show  little  correlation  between  dissolved  oxygen  concentrations  and  oxygen 
transfer  rates  at  each  test  point.  The  data  suggest  that  significant  oxygen  transfer  occurs  at  points  where 
DO  measurements  remain  mg/L.  For  this  to  happen,  the  rate  of  oxygen  delivery  is  matched  by  the 
oxygen  consumption  rate  at  those  points.  This  is  an  important  finding  as  DO  measurements  are 
commonly  used  to  define  the  zone  of  impact  of  an  IAS  system.  The  transfer  of  oxygen  at  points  not 
showmg  elevated  DO  levels  is  also  suggested  in  the  IAS  tracer  gas  deliveiy  studies  reported  by  Amerson 
(1997)  and  Bruce  et  al.  (2000).  To  further  illustrate  this  finding,  Figure  4  presents  the  data  appearing  in 
Table  1  along  with  data  collected  from  other  push-pull  diagnostic  test  applications  at  the  HNTS  IAS  test 
site,  for  a  range  of  IAS  operating  conditions.  As  can  be  seen,  most  of  the  oxygenation  rates  fall  in  the  0 
to  50  mg-02/L-water/d  range,  although  one  value  is  as  high  as  100  mg-02/L-water/d.  In  general,  this 
figure  shows  non-zero  oxygenation  rates  at  all  points  where  elevated  DO  levels  were  observed;  however, 
non-zero  oxygenation  rates  were  also  observed  at  points  showing  no  increase  in  dissolved  oxygen. 

In  summary,  a  push-pull  diagnostic  test  for  IAS  systems  has  been  developed  and  tested. 
Oxygenation  rates  from  the  test  site  generally  ranged  from  5  to  40  mg-02/L-water/d,  which  corresponds 
to  hydrocarbon  conversion  rates  of  approximately  1.7  to  13  mg-hydrocarbon/L-water/d  and  first-order 
aerobic  biodegradation  rates  of  approximately  0.3  to  2.4  mg-hydrocarbon/kg-soil/d.  Significant 
oxygenation  rates  were  observed  at  test  points  not  exhibiting  increased  dissolved  oxygen  concentrations. 

It  should  be  noted  that  the  oxygenation  and  aerobic  biodegradation  rates  obtained  from  this  push-pull 
diagnostic  test  might  be  regarded  as  upper-bound  estimates  of  actual  aerobic  biodegradation  rates 
because:  a)  the  tracer  compound  used  here  (acetate)  is  inherently  more  rapidly  degraded  than  typical 
contaminants  of  interest  (e.g.,  petroleum  compounds),  and  b)  it  is  assumed  that  all  acetate  loss  above 
background  levels  is  due  to  aerobic  biodegradation  and  that  complete  mineralization  occurs.  The  test 
mi^t  also  underestimate  oxygenation  rates  as  other  oxygen  demands  in  the  aquifer  are  neglected.  In 
addition,  It  should  be  noted  that  there  are  situations  for  which  this  test  might  not  be  useful;  these  include: 
a)  the  formation  does  not  accept  the  tracer  solution,  or  does  not  allow  recovery,  in  a  reasonable  amount 
of  time,  b)  there  are  high  background  levels  of  acetate  or  fluoride,  c)  initial  (pre-air  sparging) 
groundwater  DOS  mg-02/L-water,  and  d)  the  available  monitoring  point  screen  intervals  or  other  well 
construction  details  cause  impracticable  volumes  of  tracer  solution  to  be  used  (i.e.  Vwen  is  too  large). 
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Table  L 


Sa^Ie  <ta.  for  field  taplen»nMon  of  to  push-pull  diuguosho  test  (iuidul  oonceutadous  of  brouude 
md  ucelule  rous  are  45.6±1.4  rngO.  md  52.1±1.4  mg^,  respectively;  in  situ  hold  tuue  is  25  M 


-  using  the  data  from  MP-5  as  the  background  point 
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